Molecular dynamics simulations have been used to study mixtures of acetone/methanol, acetonitrile/ methanol, and acetone/acetonitrile over their entire composition range. Using the effective pair potentials of the neat liquids, the simulations reproduce much of the experimental spectra presented in the previous paper ͓D. S. Venables, A. Chiu, and C. A. Schmuttenmaer, J. Chem. Phys. 113, 3243 ͑2000͔͒. In addition to the total dipole spectra, autocorrelation functions and their corresponding spectra were calculated for the single dipole moment as well as the translational and rotational velocities of each component in the mixtures. Radial and spatial distribution functions, hydrogen bonding, and methanol chain formation in the mixtures were also analyzed. The red-shift of the high frequency librational band is attributed to methanol chains breaking up into shorter segments, and to hydrogen bonding between methanol and co-solvent molecules. Methanol molecules have a strong tendency to reside in chains, even at low methanol concentrations, and hydrogen bonding is the primary determinant of structure in the mixtures.
I. INTRODUCTION
In the preceding paper, 1 we discussed how a combination of experimental intermolecular spectra and molecular dynamics ͑MD͒ simulations is needed to arrive at a detailed understanding of the dynamics of liquids. The combination of experimental and simulation techniques is a two-way procedure: the experimental spectra are required to evaluate the accuracy of the simulations, which serve in turn to interpret the experimental spectra. Our focus in these two papers is on the nonaqueous dipolar liquid mixtures of acetone/methanol, acetonitrile/methanol, and acetone/acetonitrile. In the preceding paper, we measured the experimental infrared spectra of these mixtures below 120 cm
Ϫ1
, and from 400 to 1000 cm Ϫ1 for the methanolic mixtures. 1 We observed that the low frequency spectra of all the mixtures behave ideally ͑in contrast to aqueous mixtures at these frequencies͒. However, at high frequencies there is a dramatic change in the librational band of the methanol molecules as co-solvent is added. In this paper, we report the results of MD simulations of these mixtures.
Computer simulation has proven to be an indispensable tool for investigating the behavior of liquids. Simulations have successfully reproduced many of the macroscopic and microscopic properties of liquids. 2 In particular, MD simulations allow us to probe both the structure and the dynamics of the system in unprecedented detail. The interaction potentials of liquids used in simulations are optimized to describe the experimental properties of neat liquids. It does not necessarily follow that the same models will also describe the behavior of mixtures satisfactorily. Before we can infer details about molecular behavior with confidence, we must first verify that simulations reproduce experimental results. However, we are not aware of any studies comparing the experimental intermolecular spectra of dipolar mixtures to spectra calculated using MD simulations.
Our purpose in this study is to use MD simulations to interpret the experimental spectra of acetone/methanol, acetonitrile/methanol, and acetone/acetonitrile mixtures that were reported in the preceding paper. MD simulations of the same mixtures were performed to calculate dynamic properties related to the spectra. The structure and dynamics of the mixtures, particularly the effects of hydrogen bonding, will be examined. Since we find good agreement between the simulations and experiment, we are able to extract information about the microscopic behavior of the mixtures from the simulations.
II. BACKGROUND
Methanol, acetone, and acetonitrile have each been investigated in a number of MD studies. In methanol, the OPLS model of Jorgensen 3 and the H1 model of Haughney, Ferrario, and McDonald 4 show good agreement with experimental values for thermodynamic, structural, and dynamic properties. Simulations using these models show that most methanol molecules simultaneously donate and accept a hydrogen bond. Consequently, liquid methanol consists of long, winding chains of molecules. About 7% of methanol molecules accept more than one hydrogen bond, thereby allowing branching in the chains. The distribution of chains of various lengths in the simulation has been calculated by Matsumoto and Gubbins. 5 They found that the number of chains drops rapidly as the chain length increases, although large chains of over 100 molecules were sometimes observed. In neat methanol, the mean number of molecules per chain was 15.5 at room temperature. Molecules involved in two hydrogen bonds remained in the same bonding state for much longer than did nonbonded molecules, chain end molecules ͑one hydrogen bond͒, and branching molecules ͑three hydrogen bonds͒. Martí et al. found that the translational motions of methanol molecules with two or three hydrogen bonds had more high frequency spectral density than did molecules with zero or one hydrogen bonds. 6 Skaf, Fonseca, and Ladanyi have studied the effect of incorporating induced dipoles on the methanol dielectric relaxation. 7 The permanent dipole is the largest contributor to the dielectric relaxation. Although the contribution of the induced dipoles to the dielectric relaxation is nonnegligible, for the most part it relaxes at the same rate as the permanent dipole. Consequently, reorientational motion is responsible for most of the far-IR spectrum, and collision-induced dipoles lower the absorption of the sample slightly at higher frequencies. Their spectra showed three peaks, at 60 cm . The high frequency absorption band was attributed to libration of the hydroxyl H around the CO bond axis. Polarizable 8 and nonpolarizable 9,10 models have been proposed for simulations of acetone. Jedlovszky and Pálinkás reported that the structure of acetone is influenced more by steric effects than by electrostatic forces. 8 The CO bond vectors of nearest neighbors in the liquid tend to be oriented in an antiparallel manner, but other molecules in the first coordination shell have no preferred orientation. In contrast, dipole-dipole interactions are much stronger in acetonitrile and in consequence it is a more structured liquid. [11] [12] [13] Radial distribution functions ͑RDFs͒ show that acetonitrile molecules often align in a head-to-tail configuration, while laterally displaced neighbors tend to adopt an antiparallel arrangement.
Representative simulations of mixtures can be found in Refs. 9 and 14-19. In the work reported here, the potentials between like interaction sites were the same as those of the neat liquids, which are based on the Lennard-Jones potential: U(r)ϭ4͓(/r) 12 
Ϫ(/r)
6 ͔. The potentials between unlike sites i and j were determined using the Lorentz-Berthelot combining rules: 20 i j ϭ( i ϩ j )/2 and i j ϭͱ i j . Although the potentials were optimized to describe the properties of the neat liquids, the above approach has produced reasonable agreement with experiment ͑for example, see Refs. 2, 9, 15͒. In particular, the simulations reproduce how dynamic properties such as the diffusion coefficient change as a function of composition.
As befits their importance, aqueous mixtures have received considerably more attention than other mixtures. Because methanol bears a similarity to water in that it is also a highly associating liquid, some general results of mixing in water will be presented below. The results presented in this paper show that some of the trends observed in aqueous mixtures occur in methanolic mixtures too.
The addition of a co-solvent to water produces a marked increase in the RDFs associated with hydrogen bonding between water molecules, such as the O-O and O-H RDFs. 9, 16, [21] [22] [23] This indicates that water molecules have a strong tendency toward self-association in the mixture. 16, 24 The increase in water-water RDFs has also been attributed to an increase in the water structure in the mixture.
9,14,16 A significant slowing of the dynamics of the water molecules upon mixing has been observed. Water molecules in mixtures have smaller diffusion coefficients than in the neat liquid, reorientational correlation times are longer, and Debye relaxation times are longer. 25 Pronounced changes in the high frequency librational band of water have been observed with mixing. This absorption band is particularly interesting, as it reflects the motions of the hydrogen atoms, and hence is sensitive to the hydrogen bonding environment. In mixtures with a polar cosolvent ͑e.g., methanol, 9,26 DMSO, 18, 19 formamide, 15 and acetonitrile 16 ͒, the high frequency librational band of water may split into two or may move to higher or lower frequencies. Addition of nonpolar cosolvents tends to shift the band to higher frequencies. 14, 17 As mentioned above, we are not aware of any experimental corroboration of these predictions regarding the librational dynamics. In earlier and on-going work, we observed that there are large nonidealities in the experimental low frequency ͑below 100 cm Ϫ1 ͒ infrared spectra of aqueous mixtures. 25, 27 The marked changes in the properties of aqueous mixtures are not mirrored in nonassociating liquids.
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III. EXPERIMENT
Constant volume MD simulations were carried out using the MolDy program. 29 Systems of 216 rigid molecules were simulated at an average temperature of 298 K using periodic boundary conditions and an integration time step of 0.7 fs. The effective pair potentials used in the simulations were OPLS for methanol 3 and for acetone, 10, 30 and JorgensonBriggs for acetonitrile. 11 The parameters are listed in Table I . Long-range electrostatic interactions were accounted for by Ewald summation. The system was equilibrated for 70 ps, followed by a 126 ps period during which data were collected. Dynamic quantities for the time correlation functions were output every 7 ps. Experimental densities were measured at about 293 K, and were scaled so that the densities of the neat liquids corresponded to the literature values at 298 K. 31 The densities, volume fractions, and number of molecules in each simulation are listed in Table II . Preliminary studies showed that using other common potentials for the liquids did not significantly influence the resulting spectra. As in the preceding paper, we denote the volume fraction of component i with the symbol V i . Where appropriate, mole fractions are used and are designated by the conventional symbol, x i . The component i may be written as AT for acetone, AN for acetonitrile, or ME for methanol.
The far-IR spectra of the simulated liquids were calculated from the autocorrelation function ͑ACF͒ of the total dipole moment, M(t), using the equation:
where ␣ is the absorption coefficient and n is the index of refraction of a sample of volume, V, and temperature, T.
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The absorption coefficient and index of refraction were separated using a Kramers-Kronig analysis. 33, 34 In this work, the total dipole was calculated based solely on the permanent dipole of each molecule; induced dipoles were not taken into account. This is the same approach that Ladanyi and co-workers used to study mixtures of water and methanol, 26 and that Skaf recently used to study mixtures of DMSO and water. 18, 19 Souaille and Smith have pointed out that not incorporating the induced dipoles in the simulation is unlikely to affect the molecular motions of the liquid significantly, but some motions may not be spectroscopically visible. 35 Thus, absorption features arising from translational motions will not appear in the calculated spectra, and the effect of interference between the permanent and the induced dipoles, which may contribute significantly to the spectra, 32, 35 will also not be apparent. Despite these shortcomings, the permanent dipole represents the largest contribution to the spectral density and should be broadly representative of motions occurring in the liquid, particularly as the induced dipoles have much the same dielectric relaxation as the permanent dipoles.
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IV. RESULTS
A. Spectra
The experimental and simulated spectra of the neat liquids are shown in Fig. 1 . The simulations reproduce the positions of the absorption maxima fairly well, although the absorption peaks occur at slightly lower frequencies in the simulations than in the experimental results. However, the magnitude of the simulated absorption is too low, especially below 300 cm
Ϫ1
, possibly because induced dipoles are not incorporated in the calculation of the spectrum. 36 In consequence of this lack of quantitative agreement, the simulated spectra at low frequencies should be regarded only as a first approximation to the correct result. For methanol, the simulated spectra compare more favorably with the experimental results at higher frequencies. 1, 37 In this case, the magnitude of the absorption and the position of the maximum absorption are close to those found experimentally. However, the absorption band from the simulations is asymmetric, but it is symmetric in the experimental results, and the widths of the absorption differ slightly.
The simulated spectra of the mixtures are shown in . Experimental spectra are those determined in this work; Bertie's spectrum of neat methanol ͑thin dot-dashed line͒ is also shown ͑Ref. 37͒.
2. The high frequency behavior of the acetone/methanol and acetonitrile/methanol mixtures is similar. Addition of acetone or acetonitrile to neat methanol brings about a decrease in the absorption coefficient around 650 cm Ϫ1 , as expected. However, as the concentration of the methanol in the mixture falls, a second feature begins to appear near 450 cm Ϫ1 . In both methanolic mixtures, this feature is of comparable magnitude to the 650 cm Ϫ1 peak at V ME ϭ0.25, and at V ME ϭ0.10 the lower frequency feature dominates the higher frequency peak. To estimate changes in the peak position and width, the first moment and the standard deviation of the absorption were calculated over the range 300-800 cm Ϫ1 . The results are shown in Fig. 3 . Compositional trends in the experimental spectra are reproduced by the simulations: namely, a uniform decrease in peak position, and an increase in peak width that is reversed at low methanol concentrations. The lower value of the first moment of the absorption in the simulations is a result of the asymmetry of the high frequency spectrum: in neat methanol, the peak maximum of the simulated spectrum ͑ca. 650 cm Ϫ1 ͒ is close to that of the experimental spectrum ͑670 cm
͒. The splitting of the absorption band results in a larger standard deviation of the absorption; thus, at low methanol compositions the high frequency peaks might be expected to have somewhat smaller widths than our calculation shows.
At low frequencies, the spectra of the methanolic mixtures show a relatively small excess absorption as the composition varies from neat methanol to neat acetone or acetonitrile ͑Fig. 4͒. The excess absorption is usually less than about 20 per cm, which may be large enough to be observed experimentally. However, our experimental far-IR spectra show no significant deviation from ideality. Above 100 cm
, the simulated spectra of the methanolic mixtures become more ideal. This is evident in the monotonic change in the absorption coefficient with composition, and in the isosbestic point at 125 cm Ϫ1 in the acetonitrile/methanol mixtures ͓Fig. 2͑b͔͒. The spectra of mixtures of acetone and acetonitrile are essentially ideal at all the compositions considered.
More information on the particular molecular motions of each component in the liquid can be obtained from the ACFs of the single molecule dipole moment, as well as the linear and angular velocities, of each species. Ten molecules of each type were randomly chosen to calculate the single molecule ACFs. The velocity ACFs were evaluated for each molecular axis: for methanol, the molecule lies in the y-z plane and the z-axis is nearly parallel to the C-O bond. Two general observations can be made from evaluation of these func- tions: ͑1͒ the largest changes occur in the motion of methanol molecules, and ͑2͒ that these changes are largest at high frequencies. Representative angular velocity and dipole ACFs and spectra of the mixtures will be presented below.
Spectra of the single dipole ACFs reveal information about the motion of individual molecules, as opposed to the collective motion in the liquid, which is described by the total dipole moment ACF. The single dipole spectra of methanol in both acetone and acetonitrile mixtures show a red-shift of the high frequency spectral density ͑Figs. 5 and 6͒. In acetonitrile/methanol mixtures, an isosbestic point is apparent at about 510 cm
, which strongly suggests a twostate system. The single dipole spectrum of methanol in acetone is similar to that in acetonitrile, but does not have a clear isosbestic point, possibly because the position of the lower frequency feature varies with acetone concentration. The lower frequency peak in these mixtures is found at slightly higher frequencies than in acetonitrile/methanol mixtures. In both mixtures, the spectral density below about 250 cm Ϫ1 decreases as methanol is diluted by cosolvent.
The single dipole spectra of acetone and of acetonitrile in the methanolic mixtures both show an increase in spectral density in going toward methanol-rich compositions. This is accompanied by a red-shift in the peak position of the acetonitrile single dipole spectrum, from 64 cm Ϫ1 in neat acetonitrile to about 47 cm Ϫ1 at V AT ϭ0.10 ͑in acetonitrile/methanol mixtures͒. The red-shift in the acetonitrile mixtures is consistent with the results of Kovacs and Laaksonen for mixtures of acetonitrile and water. 16 In acetone/acetonitrile mixtures, the single dipole spectral density of acetone increases slightly on addition of acetonitrile, whereas that of acetonitrile decreases somewhat and the peak position undergoes a small shift to lower wavelengths.
Autocorrelation functions of the linear velocities of each species and their corresponding spectra show little dependence on composition. Their linear motion is typically diffusive in the neat liquids, and addition of co-solvent tends to make them slightly slower and even more diffusive. These changes are reflected in small shifts of the spectral densities to lower frequencies.
Larger changes are observable in the angular velocities of acetonitrile and methanol as the neat liquids are diluted with co-solvent. The angular velocity ACFs show significant oscillatory behavior, which in the case of the methanol is very pronounced ͑Fig. 7͒. The angular velocity of acetonitrile slows on addition of co-solvent-this effect is slight where acetone is added to the mixture, but is much larger in methanol mixtures. Acetonitrile/methanol mixtures show a large red-shift in the peak position, from about 60 cm Ϫ1 ͑neat acetonitrile͒ to 41 cm Ϫ1 for V ME ϭ0.90. In contrast, the angular velocities of acetone do not change much with composition.
The angular velocity ACFs of methanol are highly oscillatory, especially the x and z components, which correspond to rotation in the molecular plane and around the C-O axis, respectively. Spectra of these functions indicate the origin of features in the total dipole spectra. Thus, the high frequency absorption band has been assigned to libration of the hydroxyl H atom ( z ), and the smaller absorption features at about 70 and 150 cm Ϫ1 ͑in neat methanol͒ arise from librations about the y and x axes, respectively. Because the I xx and I yy moments of inertia of methanol are so similar (I yy /I xx ϭ0.96), differences in the frequencies of the corresponding librations must be attributed to a higher barrier for in-plane rotation ( x ) than for out-of-plane rotation ( y ).
The x and y motions are not much affected by acetone or acetonitrile, except in dilute mixtures when a narrowing and red-shift of the absorption band is observed. The motion most affected by composition is the angular velocity associated with rotating the hydrogen atom around the CO axis ( z ). The most marked changes are seen in dilute methanol mixtures (V ME Ͻ0.50). This motion is responsible for the prominent features observed in the total dipole and in the methanol single dipole spectra. The spectral density for this motion shows a lower frequency peak growing in at about 470 cm Ϫ1 in acetone and at 430 cm Ϫ1 in acetonitrile. The clear isosbestic points in each system again suggest a two-state system.
B. Radial and spatial distribution functions
RDFs for the neat liquids agree with the literature results presented in Sec. II. Representative RDFs of the mixtures are shown in Fig. 8 to illustrate changes in the structure of the liquids upon mixing. The RDFs show that adding a cosolvent to either acetone or acetonitrile does not significantly affect the radial arrangement of these molecules among themselves ͓Figs. 8͑a͒ and 8͑b͔͒. An exception is that dilute mixtures of acetone or acetonitrile with methanol (V ME ϭ0.90) exhibit modest changes in the acetone-acetone and acetonitrile-acetonitrile RDFs in the direction of decreased structure. It seems reasonable to conclude from the above RDFs that, in mixtures, acetone molecules remain spatially unstructured relative to each other, and acetonitrile molecules show the same tendency for antiparallel alignment as they do in the neat liquid. [11] [12] [13] Changes in the structure of acetone/acetonitrile mixtures are negligible.
In contrast to acetone and acetonitrile, RDFs indicating hydrogen bonding between methanol molecules undergo extraordinary changes as the methanol concentration decreases. Figures 8͑c͒ and 8͑d͒ show how the O ME -O ME and O ME -H ME RDFs increase as the methanol concentration decreases in acetone/methanol mixtures. The corresponding RDFs in the acetonitrile/methanol mixtures are essentially identical, excepting a slightly lower first maximum. These results are indicative of the strong tendency of methanol molecules to self-associate through hydrogen bonding. Hydrogen bonding interactions between methanol molecules and acetone or acetonitrile molecules are shown in Figs. 8͑e͒ and 8͑f͒ for the O AT -H ME and N AN -H ME RDFs. The distances of the peak maxima show that hydrogen bonds between methanol and acetone molecules are shorter than those between methanol and acetonitrile molecules. This result is expected from the smaller diameter of the hydrogen bond accepting sites: 2.96 Å ͑O AT ͒ versus 3.20 Å ͑N AN ͒. The increase in the first maximum upon dilution of methanol indicates that methanol molecules become more likely to hydrogen bond to acetone or acetonitrile molecules, as is reasonable. Nonetheless, it is clear that methanol molecules have a greater ability to accept hydrogen bonds than do acetone and acetonitrile molecules.
Although the RDFs identify the most obvious structural features in the mixtures, ambiguity still exists about the exact location of sites relative to the central molecule. For instance, it is not clear whether the second maximum in the N AN -H ME RDFs ͓Fig. 8͑f͔͒ arises from methanol molecules in a second solvent shell, or from a second preferential position for the hydrogen atom about the acetonitrile molecule. We therefore evaluated the spatial distribution functions ͑SDFs͒ of these mixtures because they complement the picture of the liquid structure obtained from the RDFs. 38 SDFs permit us to determine the most probable spatial location of a given site around the central molecule. Figure 9 shows the Values of a were chosen to highlight the qualitative trends without misrepresenting the results. In ͑a͒, SDFs between methanol and the H ME are shown as dark surfaces, at ͑30/67͒ for low methanol concentrations and ͑10/22͒ for high concentrations ͑note that there are two H ME maxima͒. Light surfaces in the methanol SDFs designate O ME isosurfaces, at ͑70/111͒ and ͑30/70͒ for low and high concentrations, respectively. ͑b͒ shows SDFs between acetone molecules and O AT , at ͑2.0/2.9͒ for low acetone concentrations and at ͑1.5/3.1͒ for high acetone concentrations. Panel ͑c͒ shows SDFs between the acetonitrile molecule and H ME , at ͑15/ 17͒ for low acetonitrile concentrations, and ͑18/35͒ for high concentrations. The nitrogen atom of acetonitrile is shown by the dark site in the central molecule.
SDFs of the mixtures at both ends of their composition range.
The location of methanol molecules relative to each other does not change significantly with composition ͓Fig. 9͑a͔͒, although the magnitude of the SDFs becomes exceptionally large at the hydrogen bonding positions as the methanol concentration decreases. The two prominent positions of neighboring methanol molecules are in the hydrogen bond donor and acceptor positions. The central methanol molecule donates an H atom directly toward the O atom of the hydrogen bond accepting neighbor. Another methanol molecule, which donates a hydrogen bond to the central molecule, is located near the bisector of the CH 3 -O-H angle. In a similar manner, the most likely position of the O AT and N AN atoms is in the hydrogen bond accepting position, but is not shown in Fig. 9͑a͒ .
The location of acetone and acetonitrile molecules relative to themselves in methanolic mixtures is affected by the composition. Figure 9͑b͒ shows that in methanol-rich mixtures, acetone oxygen atoms lie above the plane of the central acetone molecule, whereas in acetone-rich mixtures, they occupy a broad crescent behind the central acetone molecule. This behavior is not obvious from Fig. 8͑a͒ , although the origin of the peak at 5.4 Å in that figure immediately becomes clear after examining the associated SDF. Similarly, the cause of the second maximum in the N AN -H ME RDFs ͓Fig. 8͑f͔͒ becomes apparent in the corresponding SDF ͓Fig. 9͑c͔͒. It arises from the ringlike distribution of the H ME atom around the acetonitrile molecule. The relative lack of preference for hydrogen bonding at low acetonitrile concentrations suggests that acetonitrile molecules are interspersed between methanol chains. At high acetonitrile concentrations, when the methanol chains have been broken up, there is relatively more hydrogen bonding between methanol and acetonitrile. Furthermore, SDFs show that the dipoles of both acetone and acetonitrile molecules point toward the H atom of methanol ͑not shown͒.
C. Hydrogen bonding and methanol chains
The hydrogen bonding state of molecules in methanolic mixtures has been assessed to clarify relationships between molecules in the mixture. Hydrogen bonds were evaluated according to the usual geometric criteria: 6, 21 for hydrogen bond accepting atom, Z, a hydrogen bond was assigned if r Z-H Ͻ2.6 Å, r Z-O Ͻ3.5 Å, and the H-O•••Z angle was less than 30°. These values correspond approximately to the first minimum of the appropriate RDF of the system being studied. Using these criteria, our results for the number of hydrogen bonds in neat methanol were in excellent agreement with those of other workers. [4] [5] [6] We have extended our analysis beyond counting the total number of hydrogen bonds per molecule by assessing the number of bonds donated and accepted by each molecule. In addition, hydrogen bonds donated were also categorized according to the recipient species. For brevity, the bonding state of methanol molecules is denoted by n D D X -n A A, where n D is the number of hydrogen bonds donated ͑0 or 1͒ to species X, and n A is the number of hydrogen bonds accepted ͑0-2͒. Acetone and acetonitrile molecules were recipients of either 0 or 1 hydrogen bond-there were negligibly few double hydrogen bond acceptors for these species.
The fraction of acetone and acetonitrile molecules involved in hydrogen bonding is shown in Fig. 10 . The greater tendency for acetone than for acetonitrile to accept hydrogen bonds from methanol is evident at all compositions. Invoking the concept of ideality ͑dashed line in Fig. 10͒ , the behavior of the two species is somewhat different. When infinitely diluted in methanol, acetone molecules are more likely ͑ca. 50%͒ than acetonitrile ͑ca. 34%͒ to be acceptors of a hydrogen bond. As the methanol mole fraction decreases, however, the probability of being hydrogen bonded converges to zero for both species. Furthermore, this probability is higher than ideal at low methanol concentrations, especially in acetonitrile/methanol mixtures.
The composition dependence of hydrogen bonding in methanol molecules is shown in Fig. 11 for acetonitrile/ methanol mixtures. The results for acetone/methanol mixtures are similar. In neat methanol, most molecules are 1D ME -1A-that is, middle-of-chain molecules-and a smaller proportion are chain-starting molecules (1D ME -0A). Relatively few molecules are chain branches (1D ME -2A). The number of hydrogen atoms not involved in hydrogen bonding is small, and includes free methanol molecules (0D -0A), and ''dangling-hydrogen'' chain-end molecules (0D -1A). The addition of acetonitrile makes possible two more bonding types, 1D AN -0A and 1D AN -1A, corresponding, respectively, to methanolacetonitrile dimers and to chain-ends terminating into acetonitrile molecules.
The hydrogen bonding of methanol molecules departs substantially from ideality as methanol is diluted by acetonitrile. Molecules taking part in chain formation (1D ME -0A, 1D ME -1A, 0D -1A, 1D AN -1A) have a convex curve as a function of composition, whereas nonchain methanol molecules have a concave dependence on composition. These observations demonstrate the strong propensity for methanol molecules to reside in chains. At the same time, it is apparent that the chains themselves must be disrupted and shortened, based on the increase in the fraction of metha- FIG. 10 . The fraction of acetone molecules ͑filled circles͒ and acetonitrile molecules ͑open circles͒ which accept a hydrogen bond. The thin dashed line is the ideal curve, and the thick curve is meant as a guide to the eye. nol molecules at the start (1D ME -0A) and at the end (1D AN -1A and 0D -1A) of chains. Branching in chains gradually disappears, probably because of greater separation between chains. Thus, dangling-hydrogen chain-end molecules (0D -1A) would be less likely to meet up with other chains, which might thereby result in the coalescence of two chains into one larger ͑usually branched͒ chain.
The methanol chains were studied directly to verify the above points. Figure 12 shows how mixing affects the number of chains and the average number of methanol molecules per chain. ͑Acetone and acetonitrile molecules hydrogen bonded to the chain were not counted as part of the chain.͒ Our average chain length for neat methanol ͑16.5͒ is close to the value obtained by Matsumoto and Gubbins ͑15.5͒. 5 The number of chains in the liquid increases on adding acetone or acetonitrile, resulting in a maximum near x ME ϭ0.6. The greater number of chains occurs despite fewer methanol molecules in the mixture. A rapid decrease in chain size accompanies the increase in number of chains-the average number of methanol molecules per chain is halved upon addition of 0.2 mole fraction co-solvent-and is followed by a slower decrease in chain size as further solvent is added. The distribution of chain lengths in acetonitrile/methanol mixtures is shown in Fig. 13 . There is a clear shift toward shorter chains as more acetonitrile is added. The largest changes are apparent in the V ME ϭ0.25 and 0.10 mixtures, in which almost all chains have fewer than five molecules.
An interesting issue concerns the shapes of the methanol chains, and how they are affected by mixing. To explore this point, we calculated the moments of inertia of the chains based on the center-of-mass of the constituent molecules. The smallest principal moment of inertia for a chain was assigned as I xx , the intermediate as I yy , and the largest moment as I zz . Ratios of the average moments of inertia (I xx /I yy and I yy /I zz ) according to chain size are plotted in Fig. 14 moment of inertia about the x axis roughly three times smaller than about the other axes. The I xx /I zz and I yy /I zz values are stable with increasing chain length, as entropy favors clusters that are stretched out over structures that are more spherical. Addition of acetone or acetonitrile appears to have little effect on the I xx /I zz and I yy /I zz ratios, although at low methanol concentrations there may be a slight tendency for the chains to become even more stretched out ͑see I xx /I zz for V AT ϭ0.75 and 0.90͒.
The configurations of many chains of different lengths were examined. Most chains conformed to the shape expected from Fig. 14 ; that is, they tended to be somewhat elongated, with approximately equal distributions off the major axis. Two representative configurations of chains are shown in Fig. 15 . Bunching of the chains into spherical clusters was rarely seen. There is a pronounced tendency for segments of the chain to curl gently, which was usually associated with methyl groups of adjacent molecules being in an eclipsed position ͑on the outside of the curve͒. A consequence of the curling is that chains often have a helical character. In some cases, methyl groups of adjacent molecules were staggered, resulting in straighter chain segments. When branching occurred, it was usually near the end of the chains.
There were no noticeable differences between the conformations of chains in neat methanol and those in mixtures.
V. DISCUSSION
Translational and rotational motions that cause dipole fluctuations are responsible for the intermolecular infrared spectra of liquids. Rotational motion usually reorients the permanent dipole of a molecule, and hence gives rise to strong infrared absorption. Translational motions contribute to the absorption by modulating the induced dipoles between molecules. Translational motions will not be spectroscopically active in our simulated spectra, because we have not incorporated induced dipoles ͑either dipole-induced or collision-induced͒ into our study. However, for molecules with large permanent dipoles, such as those considered in this study, rotational motions are responsible for most of the infrared absorption.
Comparison of the experimental and the simulated spectra reveals that the simulations underestimate the absorption of the liquids at low frequencies. Although the peak positions of the acetone and acetonitrile spectra were close to the experimental results, the magnitude of the predicted absorption coefficients was too low. This shortfall is partly due to the absence of induced dipoles in the calculated spectra, 7, 36 but may also result from inaccuracies in the effective potential.
The simulated spectra reproduce the ideal behavior found in the experimental spectra of acetone/acetonitrile mixtures. The simulations also indicate that in this system there is little change in the librational and translational motions of each species as a function of composition. Therefore, at least with regard to these motions, acetone/acetonitrile mixtures appear to behave ideally.
The agreement between trends in the simulated and experimental spectra of methanolic mixtures was not as satisfactory as in the acetone/acetonitrile mixtures. The composition of the mixtures does not affect the translational motions of each component in a significant way. For methanol molecules, this is in accordance with the work of Martí et al., who have previously shown that the hydrogen bonding state of methanol molecules has little effect on the translational motion below 100 cm -1 . 6 However, the librational motions of both species are shifted to lower frequencies, giving rise to a small excess absorption in the low frequency spectra of the mixtures, which is not observed experimentally. The behavior of the ideal experimental absorption of methanolic mixtures may be due to a cancellation effect between the redshift of the librational motions, and a decrease in the absorption from the Debye relaxation, which is the primary cause of the nonideal absorption of aqueous mixtures. However, we emphasize that the observed nonidealities in the simulated spectra are quite small. Reasons for the dissimilarity in the far-IR spectra of aqueous and methanolic mixtures have been discussed in the preceding paper. 1 The simulated spectra of methanolic mixtures reproduce the most prominent changes in the high frequency librational band of methanol. The peak position of neat methanol is close to the experimental value, and both mixtures result in a red-shift which is similar to that seen in the experimental spectra. At low methanol concentrations, the simulated librational absorption band splits into two peaks, but the experimental spectra show no evidence for splitting of the peak. Similar behavior has been reported by Skaf in simulations of water-DMSO mixtures. 18, 19 We measured the absorption spectrum of this system at the same concentration as their study (x DMSO ϭ0.84). Although the high frequency librational band did shift to lower frequencies ͑as predicted by the simulations͒, there was no experimental evidence for splitting of the peak.
Changes in the librational motion of the methanol molecule about the z axis are responsible for the behavior of the high frequency spectra. A striking feature is the appearance of an isosbestic point in the methanol z spectra for both mixtures, which suggests a two-state system. Because the largest intermolecular interaction that the methanol molecule experiences is from hydrogen bonding, the two-state nature of the z motion is probably due to different hydrogen bonding environments. The work of Matsumoto and Gubbins suggests that methanol molecules involved in 1 to 3 hydrogen bonds have similar z librational frequencies, which are substantially higher than those of nonbonded methanol molecules. We propose that the high frequency motion occurs in hydrogen bond donating molecules, and involves rotation of the hydrogen atom through the hydrogen bond. The higher frequency of libration is then caused by the strong restoring force between the hydrogen atom and the hydrogen bond accepting atom. Methanol molecules with nonbonded hydrogen atoms therefore librate at lower frequencies, as do those with weaker hydrogen bonds to acetone or acetonitrile. The number of methanol molecules donating a hydrogen bond to acetone or acetonitrile increases sharply at low methanol concentrations, which corresponds to the appearance of the lower frequency peak. Therefore, it seems reasonable to attribute the low frequency peak to hydrogen bonding between methanol and acetone or acetonitrile, instead of to nonbonded methanol molecules, which never exist in large numbers in the mixtures.
The broadening of the high frequency absorption band on dilution of methanol arises from methanol molecules adopting a more diverse range of hydrogen bonding states. In neat methanol, 75% of molecules are in the middle of chains (1D ME -1A), but addition of a co-solvent shortens the chains, to give more molecules at the ends of chains and fewer middle-of-chain molecules. This trend increases with further dilution, until low methanol concentrations, when most methanol molecules are hydrogen bonded to the cosolvent. Consequently, the environment of methanol molecules is somewhat more homogeneous at low methanol concentrations than at intermediate concentrations, as indicated by the narrower frequency band. Palinkas et al. have interpreted the broadening of the spectra of water/methanol mixtures in a similar manner. 39 The simulations appear to under-represent the number of hydrogen bonds accepted by acetone and acetonitrile in the mixtures. The experimental results of Eaton et al. indicate that acetone or acetonitrile, when in methanol-rich mixtures, participate in almost twice as many hydrogen bonds as in our simulations ͑Fig. 10͒. [39] [40] [41] [42] Hydrogen bonding between acetone or acetonitrile and methanol is thus stronger in real than in simulated mixtures. The structure of acetone/acetonitrile mixtures, in which hydrogen bonding does not play a role, is almost unchanged upon mixing. There is no tendency toward self-associationmolecules of either species are evenly distributed throughout the mixture. This comes as no surprise, as the structures of the neat liquids appear to be primarily determined by steric effects. 13 Dipole-dipole interactions are somewhat less important, but do maintain the antiparallel alignment of acetonitrile molecules. The absence of strong, highly specific and directional interactions ͑such as hydrogen bonding͒ distinguishes this system from the methanolic mixtures.
In contrast to acetone/acetonitrile mixtures, large changes occur in the RDFs of methanolic mixtures. The most prominent changes appear in the RDFs associated with hydrogen bonding and are similar to those that take place in aqueous mixtures. The increases in the hydrogen bonding RDFs between methanol molecules are not so much caused by an increase in the structure of methanol, as they are by the tendency of methanol to remain in chains in mixtures. Even at low methanol concentrations, most methanol molecules reside in chains. Thus, for any given methanol molecule, there is always a high probability of finding another methanol molecule as a neighbor, irrespective of whether the overall methanol concentration is high or low. The ability of methanol to form chains is probably due to the stability of methanol molecules with two hydrogen bonds. 5 Because there is no strong force drawing them together, acetone or acetonitrile molecules tend to be evenly dispersed throughout the mixture at high methanol concentrations.
Adding acetone or acetonitrile to methanol breaks up large chains into smaller and more numerous chains. The shapes of the chains are little affected by mixing and the helical, prolate character of the chains is retained. At low methanol concentrations, however, the occurrence of methanol-acetone and methanol-acetonitrile dimers increases considerably. The strong tendency of methanol to donate hydrogen bonds is extraordinary, and few hydrogen atoms do not participate in hydrogen bonding. Hydrogen bonds formed between methanol molecules are stronger than methanol-acetone or methanol-acetonitrile hydrogen bonds.
VI. CONCLUSIONS
Spectra based on MD simulations of binary mixtures containing methanol, acetone, and acetonitrile were compared to the experimental results of the preceding paper. Simulated spectra reproduce the ideal behavior of the acetone/acetonitrile mixtures, but show a small excess absorption of methanolic mixtures in the far-IR, arising from a red-shift of the methanol and acetonitrile librational bands. The far-IR spectra of methanolic mixtures contrast with those of aqueous mixtures, which we have also determined. 25, 27 Aqueous mixtures show a decreased absorption compared to ideal mixtures. Explanations for the dissimilar behavior were proposed in terms of changes in the reorientational motions in the mixtures.
Simulations reproduce the shape and trends of the high frequency librational band of methanol, which arises from the librations of the hydroxyl hydrogen atom around the C-O bond axis. This band is therefore a sensitive indicator of the hydrogen bonding environment experienced by the methanolic molecule. The red-shift upon mixing is attributed to hydrogen bonding between methanol and acetone or acetonitrile. Methanol molecules have a remarkably strong tendency to remain in chains, although the chains shorten as the methanol concentration decreases. Chains were found to be prolate with helical regions, and their general structure is not significantly affected by concentration.
The effect of acetone and acetonitrile on methanol behavior is similar, despite significant differences in the size and dipole moments of the acetone and acetonitrile molecules. Clearly, their effect on methanol is through their ability to accept hydrogen bonds, which is the primary determinant of structure and dynamics in methanolic mixtures. Acetone/acetonitrile mixtures appear to behave ideally, in terms of both structure and of dynamics.
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